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 (n-BrC6H4C2H4NH3)2PbBr4 (n-BrPhe) (n = 2, 3, 4) single crystals were synthesized with 
the aim of enhancing the scintillation light yield of (C6H5C2H4NH3)2PbBr4 (Phe), and their 
photoluminescence (PL) and scintillation characteristics were evaluated.  A sharp PL peak 
due to the exciton emissions from the inorganic layer was observed at 390–420 nm in the 
n-BrPhe samples.  They had lifetimes of 4.7 ns (2-BrPhe), 2.1 ns (3-BrPhe), and 0.9 ns (4-BrPhe) 
owing to the exciton recombination in the inorganic layer under 340 nm excitation.  Regarding 
scintillation, a sharp peak due to exciton emissions from the inorganic layer was detected at 
410–440 nm under X-ray irradiation, and the decay time constants under X-ray irradiation 
were 2.3 ns (2-BrPhe), 2.0 ns (3-BrPhe), and 2.1 ns (4-BrPhe).  Moreover, the scintillation light 
yields under gamma-ray irradiation from 241Am (59.5 keV) were found to be 3100 (2-BrPhe), 
2200 (3-BrPhe), and 5900 photons/MeV (4-BrPhe), which were lower than that of Phe 
(18000 photons/MeV).

1. Introduction

 A scintillator is a type of phosphor material used in radiation measurements, which have 
the function of converting high-energy ionizing radiation into several thousands of low-
energy photons (e.g., visible light).(1,2)  A scintillator is used for radiation detection in various 
fields, such as astrophysics,(3) particle physics,(4) well logging,(5) security,(6) and medical 
imaging.(7)  A common scintillator detector for these fields consists of the scintillator phosphor 
and photodetector, which has the capability to convert low-energy photons into electrons.  
In general, the basic requirements for the scintillator include chemical stability, radiation 
hardness, high light yield, fast decay, and high density.(2)  There is no scintillator that meets 
all these requirements for all applications; thus, the optimal material must be selected for each 
application.  Up to now, various scintillators have been available for practical use, such as 
inorganic single crystals, inorganic ceramics, organic liquids, and plastics.
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 Among them, inorganic scintillators in the form of a single crystal are often practically used.  
For example, NaI:Tl+ is one of the well-known scintillators with an emission peak approximately 
at 415 nm attributable to the 6p–6s transition of Tl+.(8)  It is used in single-photon emission 
computed tomography (SPECT) owing to its high scintillation intensity, high density, and low 
cost.(9)  Another example of an inorganic scintillator is CdWO4, which shows scintillation due 
to the charge transfer transitions in (WO4)2− with a peak approximately at 470 nm.(10)  CdWO4 
is used for X-ray computed tomography (CT) owing to its advantages, such as high density and 
low afterglow level.(9)  In addition, Gd2SiO5:Ce is one of the common inorganic scintillators and 
it exhibits emissions due to the 5d–4f transitions of Ce3+.(11)  It has a high density of 6.7 g/cm3 
and shows moderate scintillation light yield (about 8000 photons/MeV) and a fast decay time 
constant of about 40 ns; thus, Gd2SiO5:Ce is used for positron emission tomography (PET).(12)  
As mentioned above, many inorganic single-crystal scintillators are applied in various fields.  
In addition, some materials such as glass scintillators (e.g., Li glass),(13) plastic scintillators 
(e.g., BC452),(14) organic liquid scintillators (e.g., BC505),(15) and ceramic scintillators (e.g., 
Gd2O2S:Pr)(16) are also used in practice.
 Unlike the above scintillators, we have been developing organic–inorganic perovskite-type 
compounds for scintillator applications.  Organic–inorganic layered perovskite-type compounds, 
(RNH3)2PbX4 (R: hydrocarbon group, X: halogen), have a self-organized multiple quantum 
well structure where the organic layer is regarded as a barrier layer and the inorganic layer is 
regarded as a well layer.(17,18)  In the compounds, excitons are formed in the inorganic layer, 
and the compounds show efficient scintillation with a short decay time due to the quantum 
confinement effect.  In particular, (C6H5C2H4NH3)2PbBr4 (Phe) shows a high light yield (about 
14000 photons/MeV) under gamma-ray irradiation from 137Cs and a fast scintillation decay (about 
11 ns) under X-ray irradiation.(19)  Owing to the high scintillation light yield and short decay 
time due to the quantum confinement effect, the use of organic–inorganic layered perovskite-
type compounds in PET and synchrotron radiation facilities is considered.  
 In this study, we synthesized (n-BrC6H4C2H4NH3)2PbBr4 (n = 2, 3, 4) single crystals to 
increase the scintillation light yield of (C6H5C2H4NH3)2PbBr4.  Single-crystal structural analysis 
has demonstrated that Phe has geometric distortion in the Br–Pb–Br bonds inside the PbBr6

4− 
octahedron and the Pb–Br–Pb bonds between adjacent PbBr6

4− octahedra, and these geometric 
distortions result in the increase in photoluminescence (PL) and scintillation intensities since 
the distortion leads to an increase in the exciton mass and a decrease in the exciton Bohr radius.(20)  
In addition, it has been reported that the substitution of a bromine (Br) atom  on the benzene 
ring of (C6H5C2H4NH3)2SnI4 leads to a decrease in the Sn–I–Sn bond angle between adjacent 
SnI6

4− octahedra.(21)  Therefore, (n-BrC6H4C2H4NH3)2PbBr4 (n = 2, 3, 4) could exhibit a more 
efficient scintillation than Phe because the geometric distortion in the inorganic layer could be 
further induced by the Br substitution on the benzene ring.  After the synthesis of the single 
crystals, their PL and scintillation properties were investigated.  

2. Experimental Methods

 2 - B r C 6 H 4 C 2 H 4 N H 2 ( 2 - b r o m o p h e n e t h y l a m i n e ) ,  3 - B r C 6 H 4 C 2 H 4 N H 2

(3-b romophe ne t hyla m i ne) , 4-Br C6H4C2H4N H2(4-b romophe ne t hyla m i ne) , a nd 
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C6H5C2H4NH2(phenethylamine) were used as organic precursors.  Stoichiometric quantities of 
each precursor and HBr were dissolved in N,N-dimethylformamide (DMF) and mixed for 1 h.  
After solvent evaporation, n-BrC6H4C2H4NH3Br (n = 2, 3, 4) and C6H5C2H4NH3Br powders 
were obtained.  Subsequently, each powder and PbBr2 in a molar ratio of 2:1 were mixed in DMF 
and stirred for 3 h.  Finally, (2-BrC6H4C2H4NH3)2PbBr4 (2-BrPhe), (3-BrC6H4C2H4NH3)2PbBr4 
(3-BrPhe), (4-BrC6H4C2H4NH3)2PbBr4 (4-BrPhe), and (C6H5C2H4NH3)2PbBr4 (Phe) powders 
were obtained by evaporating the solvent.  Furthermore, single crystals of the above compounds 
were prepared as follows.  The powders were dissolved in DMF in a glass bottle, and then 
nitromethane was added until the compounds precipitated.  Then, the precipitate solution in 
the glass bottle was completely dissolved at 90 °C, and the glass bottle was placed at 90 °C in a 
liquid-phase organic synthesizer (Chemi Chemi-300, Sibata).  Finally, the single crystals were 
obtained by decreasing the temperature gradually from 90 °C to room temperature at a rate of 
3.5 °C/h.
 To evaluate the crystal structure of the obtained samples, the X-ray diffraction (XRD) 
patterns were measured using an X-ray diffractometer (RINT2000, Rigaku) with the 2θ range of 
3 to 30° at room temperature under Cu Kα radiation.  Regarding the PL property, PL excitation/
emission contour graphs and PL quantum efficiency (QE) were measured using a PL QE 
spectrometer (Quantaurus-QY C11347, Hamamatsu).  The measurement interval of excitation 
wavelength was 10 nm.  PL decay curves were obtained using a compact fluorescence lifetime 
spectrometer (Quantaurus-tau C11367, Hamamatsu).  In these measurements, the excitation 
wavelength was 340 nm.  As a scintillation property, scintillation spectra were evaluated at 
room temperature under X-ray irradiation generated by an X-ray generator (XRB80N100, 
Spellman).  To avoid direct X-ray exposure to CCD (Newton 920, Andor), the spectrometer 
was placed off the irradiation axis, and the scintillation light was guided into the spectrometers 
through a 2 m optical fiber.  Scintillation decay curves were measured using the afterglow 
system, which was our original setup.  The details of the instrument could be found elsewhere.(22)  
Furthermore, the pulse height spectra were measured for the evaluation of scintillation light 
yield under gamma-ray irradiation from 241Am.  Here, the setup consisted of a multichannel 
analyzer (Pocket MCA, Amptec), a photomultiplier tube (R7600-U200, Hamamatsu), a shaping 
amplifier (Model 570, ORTEC), and a preamplifier (Model 113, ORTEC).

3. Results and Discussion

3.1 Sample characterization

 Figure 1 illustrates photographs of n-BrPhe (n = 2, 3, 4) and Phe single crystals.  The 
diameter of the samples was about 5 mm.  n-BrPhe was not so transparent that the line pattern 
on the back of the samples was not clearly observed, while Phe looked transparent.
 Figure 2 shows the XRD patterns of the n-BrPhe (n = 2, 3, 4) and Phe single crystals.  All 
the samples showed several diffraction patterns over the 2θ range of 3–30°.  Compared with 
previous studies, these peaks of the samples were confirmed to be (0 0 2l) (l = 1, 2, 3, 4, 5, 6, 7).(19)  
The observed diffraction peaks suggested that all the samples formed two-dimensional quantum 
well structures.  Furthermore, the c-axis lattice constant of each sample was estimated to be 
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18.3 (2-BrPhe), 17.6 (3-BrPhe), 17.5 (4-BrPhe), and 16.4 Å (Phe).  The c-axis lattice constant of 
Phe was found to be different from that of n-BrPhe (n = 2, 3, 4), suggesting that the structure of 
the organic and inorganic layers might change with the incorporation of Br on the benzene ring.  
In addition, the intensity of the diffraction peaks for n-BrPhe was found to be lower than that 
for Phe.

3.2 PL properties 

 Figure 3 shows the PL emission and excitation contour graphs of n-BrPhe (n = 2, 3, 4) and 
Phe single crystals.  2-BrPhe showed emissions with peaks at approximately 390 and 410 nm, 
whereas 3-BrPhe, 4-BrPhe, and Phe exhibited emission peaks at approximately 410 and 
430 nm.  From the comparison of Phe emission, we inferred that the peaks at 390 nm (2-BrPhe) 
and 410 nm (3-BrPhe and 4-BrPhe) were derived from the free exciton recombination in the 

Fig. 1. Photographs of n-BrPhe (n = 2, 3, 4) and Phe single crystals.

Fig. 2. (Color online) XRD patterns of n-BrPhe (n = 2, 3, 4) and Phe single crystals.
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inorganic layer, and the peaks at 410 nm (2-BrPhe) and 430 nm (3-BrPhe and 4-BrPhe) might 
originate from exciton recombination at a shallow trap.(23–26)  Furthermore, QE values across 
390–600 nm at an excitation wavelength of 340 nm were 0.08 (2-BrPhe), 0.07 (3-BrPhe), 0.01 
(4-BrPhe), and 0.22 (Phe).  Therefore, QE values were decreased by the Br substitution on the 
benzene ring.
 Figure 4 shows the PL decay curves of n-BrPhe (n = 2, 3, 4) and Phe single crystals.  The 
monitoring wavelength was around 400 nm, whereas the excitation wavelength was 340 nm.  
The decay curves of the samples were approximated by the sum of two exponential decay 
functions.  The obtained decay time constants of the first component were 4.7 ns (2-BrPhe), 
2.1 ns (3-BrPhe), 0.9 ns (4-BrPhe), and 4.7 ns (Phe), and the decay time constants became lower 
for the n-BrPhe than for the Phe with the incorporation of Br on the benzene ring.  Furthermore, 
the decay time constants of the second components were 9.4 ns (2-BrPhe), 7.5 ns (3-BrPhe), 
2.7 ns (4-BrPhe), and 14.0 ns (Phe).  The second component could be ascribed to excitons 
trapped at the shallow trap in the inorganic layer.(23,26)  
  To investigate the cause of the change in PL characteristics due to the Br substitution on the 
benzene ring, we calculated the radiative and nonradiative decay rates.  QE (Φ) and PL decay time (τ) 
can be expressed by the following equations using the radiative decay rate (kf) and nonradiative 
decay rate (knr).

 Φ = kf / (kf + knr) (1)

 τ = 1 / (kf + knr) (2)

 From these equations, kf and knr can be expressed as follows.

 kf = τ−1 • Φ (3)

 knr = kf • (Φ−1 − 1) (4)

 Table 1 summarizes the radiative and nonradiative decay rates of the n-BrPhe (n = 2, 3, 4) 
and Phe single crystals.  Here, the QE and decay time constant of free excitons were used for 

Fig. 3. (Color online) PL emission and excitation contour graphs of n-BrPhe (n = 2, 3, 4) and Phe single crystals.
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the calculation.  Among the samples tested, Phe showed the highest radiative decay rate, and 
the radiative decay rate was decreased by the Br substitution on the benzene ring.  Previous 
studies have shown that the exciton properties of the inorganic layers depend on the bond angles 
of Pb–Br–Pb and Br–Pb–Br in the inorganic layers.  The decrease in the radiative decay rate 
of the n-BrPhe suggests that further structural distortion in the inorganic layer might not be 
induced by the Br substitution.  Furthermore, the nonradiative decay rate increased with the 

Fig. 4. (Color online) PL decay curves of n-BrPhe (n = 2, 3, 4) and Phe single crystals.

Table 1
Radiative and nonradiative decay rates of n-BrPhe (n = 2, 3, 4) and Phe single crystals.

(C6H5C2H4NH3)2PbBr4 
(Phe)

(n-C6H4C2H4NH3)2PbBr4
2-BrPhe 3-BrPhe 4-BrPhe

kf (106 s−1) 8.3 2.3 6.7 7.8
knr (108 s−1) 2.0 2.1 3.6 11.0
τ (ns) 4.7 4.7 2.1 0.9

QE of free exciton emissions ( - ) 0.039
(400–420 nm)

0.011
(385–400 nm)

0.018
(400–425 nm)

0.007
(390–420 nm)
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Br incorporation on the benzene ring, and the nonradiative decay rate of the 4-BrPhe was the 
highest.  In the organic–inorganic layered perovskite-type compounds, the crystal structure is 
self-organized by the van der Waals interaction and Coulomb interaction.  These results suggest 
that one of the causes of the increase in the nonradiative decay rate might be the decrease in 
crystal quality owing to the Br substitution on the benzene ring because the intensity of the 
diffraction peaks in Fig. 2 decreased owing to the Br substitution.  

3.3 Scintillation properties

 Figure 5 shows the X-ray-induced scintillation spectra of n-BrPhe (n = 2, 3, 4) and Phe single 
crystals.  A sharp peak was observed at approximately 410 nm for 2-BrPhe and at approximately 
440 nm for 3-BrPhe, 4-BrPhe, and Phe.  Compared with the previous study, the sharp peaks 
could be attributed to exciton emissions from the inorganic layer.(19)

 Figure 6 shows the X-ray-induced scintillation decay curves of n-BrPhe (n = 2, 3, 4) and Phe 
single crystals.  These decay curves of the samples were approximated using two exponential 
decay functions.  The faster components of the scintillation decay time were 2.3 ns (2-BrPhe), 
2.0 ns (3-BrPhe), 2.1 ns (4-BrPhe), and 5.3 ns (Phe).  The component should originate from the 
recombination of excitons in the inorganic layer shown in the previous study.(19)  These decay 
time constants of n-BrPhe (n = 2, 3, 4) were found to be higher than that of Phe.  In addition, the 
slower components were 13.2 ns (2-BrPhe), 9.6 ns (3-BrPhe), 9.2 ns (4-BrPhe), and 28.3 ns (Phe).  
These components may be due to the recombination of trapped excitons in the inorganic layer.  
These decay time constants of the faster component in scintillation were comparable to those in 
PL.  
 Figure 7 shows the pulse-height spectra of n-BrPhe (n = 2, 3, 4), Phe, and Gd2SiO5:Ce 
(GSO:Ce) single crystals obtained using the 241Am gamma-ray source (59.5 keV).  GSO:Ce 
(10000 photons/MeV) was selected as the reference for the evaluation of scintillation light 
yield.(27)  The samples showed a clear pulse height peak, and each channel number was found to 
be 68 (2-BrPhe), 48 (3-BrPhe), 130 (4-BrPhe), 220 (GSO:Ce), and 401 (Phe).  On the assumption 

Fig. 5. (Color online) X-ray-induced scintillation spectra of n-BrPhe (n = 2, 3, 4) and Phe single crystals.
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Fig. 6. (Color online) X-ray-induced scintillation decay curves of n-BrPhe (n = 2, 3, 4) and Phe single crystals.

Fig. 7. (Color online) Pulse-height spectra of n-BrPhe (n = 2, 3, 4), Phe, and Gd2SiO5:Ce (GSO:Ce) single crystals 
obtained using 241Am gamma-ray source (59.5 keV).
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that the scintillation light yield is proportional to the channel number, the scintillation light 
yields were estimated to be approximately 3100 (2-BrPhe), 2200 (3-BrPhe), 5900 (4-BrPhe), 
and 18000 photons/MeV (Phe).  n-BrPhe showed a lower scintillation light yield than Phe, 
and the results were consistent with the QE values shown in Fig. 3.  These results suggest that 
scintillation intensity cannot be enhanced by the substitution of Br on the benzene ring as well 
as QE values.  In this study, the PL and scintillation properties of (n-BrC6H4C2H4NH3)2PbBr4 
(n = 2, 3, 4) and (C6H5C2H4NH3)2PbBr4 were investigated for the development of fast-
response scintillators.  The scintillation light yield was decreased by the Br substitution on the 
benzene ring, and the decay time constant also decreased.  In future studies, it is necessary to 
incorporate another substituent on the benzene ring and evaluate the scintillation properties 
to enhance the scintillation properties of (C6H5C2H4NH3)2PbBr4.  Furthermore, it should be 
important to investigate in detail the effects of halogen substituents including Br on the basic 
exciton properties and crystal structures.

4. Conclusion 

 We synthesized (n-BrC6H4C2H4NH3)2PbBr4 (n = 2, 3, 4) and (C6H5C2H4NH3)2PbBr4 single 
crystals and evaluated their PL and scintillation properties.  All the samples showed PL peaks 
at approximately 390–440 nm owing to exciton recombination in the inorganic layer, while they 
exhibited exciton emissions with a peak at approximately 410–440 nm under X-ray irradiation.  
In addition, the decay time constants in PL and scintillation were on the order of several 
nanoseconds, which is typical for the exciton emissions in the inorganic layer.  Moreover, the 
scintillation light yields under gamma-ray irradiation from 241Am were estimated to be about 
3100 (2-BrPhe), 2200 (3-BrPhe), and 5900 photons/MeV (4-BrPhe), which were lower than that 
of Phe (18000 photons/MeV).
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